These include inductively coupled plasma mass spectrometry (ICP-MS), 8 graphite furnace atomic absorption spectrometry (GFAAS) 9 and high performance liquid chromatography (HPLC) with ICP-MS. 10 However the most reliable techniques are more suitable for laboratory conditions only and are, additionally, time consuming. They cannot thus be used for routine in-field monitoring of a large number of samples. Therefore a sensor needs to be developed to solve these problems. Electrochemical techniques provide a possible means to this end since they are both rapid and portable.
Significant research has been reported about arsenic detection using electrochemical stripping voltammetry methods. Gold was found to be the superior substrate for the working electrode among the substrates considered to date. Using differential pulse anodic stripping voltammetry (DPASV), Forsberg et al. 11 found a LOD of 0.02 ppb for As(III) in 1 M perchloric acid with 10 min (sic) pre-deposition. Hua et al. 12 determined total arsenic in seawater on a gold ultramicroelectrode (25 µm) using ASV and achieved a LOD of 0.2 ppb. Hamilton et al. 13 used a gold film electrode to determine arsenic and antimony in electrolytic copper samples and obtained a LOD of 0.56 ppb.
Simm et al.
14,15 investigated the sonoelectroanalytical arsenic detection on a gold electrode giving a LOD of 0.75 ppb. Using ASV on a gold nanoparticle modified glassy carbon (GC) electrode, a LOD of 0.01 ppb was obtained by this group. 16 More recently, Simm et al. 17 compared different types of gold carbon composite electrode for the detection of arsenic. Using micron gold arrays produced in carbon-paste electrodes, a LOD of 0.4 ppb was achieved.
Materials in the nanometer range have shown superior or advantageous functional properties for a wide range of technological applications, including catalysis, optics, microelectronics and chemical/biological sensors. Metal nanoparticles provide four unique advantages over macroelectrodes for electroanalysis: enhancement of mass transport, catalysis, high effective surface area and control over electrode microenvironment conductive. 6, 18, 19 Several works have been reported using gold nanoparticles. Gold nanoparticles can be made by chemical synthesis, 20, 21 UV light or electron-beam irradiation 22 or electrochemical methods. 16, 23 The former two methods are either time or cost consuming. In contrast, electrochemical deposition provides an easy and rapid alternative for the preparation of gold nanoparticles electrodes in a short time.
Indium tin oxide (ITO) films are of great interest because of their high optical transparency and good electrical conductivity. Gold nanoparticles were grown onto ITO coated glass mainly though seed-mediated growth 21, 24, 25 or assembling with polymer. [26] [27] [28] Hitherto electrochemical deposition has never been used to fabricate gold nanoparticles on ITO film coated glass. Applications of gold nanoparticle modified ITO glass electrodes include the electrooxidation of nitric oxide, 21 the catalytic reduction of oxygen, 26 the reduction of H2O2 25, 27 and the electrooxidation of CO. 28 Application of the gold nanoparticle modified ITO glass electrodes to the determination of metal ions has not been reported.
In the present study, gold nanoparticles were directly electrodeposited onto indium tin oxide (ITO) film coated glass electrodes for the first time. The resulting electrode surfaces were characterized using AFM. The application of the gold nanoparticle modified electrodes was investigated for the detection of arsenic(III) with cyclic voltammetry and linear sweep voltammetry. It is possible to use the gold nanoparticle modified ITO electrodes as a disposable material for field analysis.
Experimental

Reagents and chemicals
All the reagents were of analytical grade and were used without further purification. Hydrogen tetrachloroaurate(III) trihydrate (HAuCl4·3H2O, 99.9+%) was from Sigma-Aldrich (Steinheim, Germany). Sodium(meta)arsenite (NaAsO2, 99%) was purchased from Fluka (Buchs, Switzerland). All solutions and subsequent dilutions were prepared using deionized water from Vivendi UHQ grade water system (Vivendi, UK) with a resistivity of not less than 18 MΩ cm. As(III) stock solution (10 mM) was prepared from NaAsO2: 0.013 g NaAsO2 was dissolved in 10 mL deionized water.
Instrumentation
Electrochemical measurements were recorded using an Autolab PGSTAT 30 computer controlled potentiostat (EcoChemie, Netherlands) with a standard three electrode system. A gold nanoparticle modified ITO film coated glass (Sigma-Aldrich, 70 -100 Ω resistance, Steinheim, Germany) electrode (working area 1 × 1 cm 2 ) served as a working electrode, a platinum wire was used as a counter electrode with a saturated calomel reference electrode (SCE, Radiometer, Copenhagen, Denmark) completing the cell assembly. All experiments were carried at a temperature 20 ± 2˚C.
The AFM measurements were performed using a Digital Instruments Multimode SPM, operating in ex situ tapping mode. A Model "J" scanner was used having a lateral range of 125 × 125 µm and a vertical range of 5 µm. Standard silicon nitride probes (Type NP, Digital Instruments Multimode SPM), having a force constant of approximately 0.58 N m -1 , were used.
Electrode modification
The fabrication of Au/ITO was carried out using electrochemical deposition. 16, 22 A sheet of ITO was sonicated in acetone, ethanol and distilled water for 10 min consequently. After cleaning, the glass sheet was immersed into the solution of AuCl4 -in 0.5 M H2SO4 (see Results and Discussion for details). And a potential step from +1.055 V (vs. SCE) to -0.045 V was applied for a fixed time (15, 50, 150 or 300 s). All solutions were degassed with a N2 stream prior to each measurement.
Results and Discussion
Gold nanoparticle modified ITO electrodes
Typical AFM images of electrode surfaces formed under different formation conditions (deposition time and AuCl4 -concentration) for the electrodeposition of Au nanoparticles onto ITO film coated glass are shown in Fig. 1 . The AuCl4 -concentrations and the deposition times used are summarized in Table 1 . In all cases, dispersed gold nanoparticles are found on the substrates. Comparing Figs. 1a, b and c, the AuCl4 -concentration is 0.1 mM and the deposition time is 50, 150, and 300 s, respectively. It can be seen that an increase in the deposition time results in the enhancement of the average particle size of the Au nanoparticles. Comparing Figs. 1e, c and f, the deposition time is 300 s while the concentration is 0.01 mM, 0.1 mM and 1.0 mM, separately. Increasing the concentration of AuCl4 -solution causes an increase of particle size. In Fig. 1f , bigger gold nanoparticles were observed (average diameter about 357.4 nm). For Figs. 1c and d , the concentration is the same of 0.1 mM. In Fig. 1c , a single potential step with 300 s was applied, while 20 cycles of 15 s were used in Fig. 1d . The particle diameter in Fig. 1c is in the range from 70 nm to 309 nm with an average value of 154 nm. The particle diameter in Fig. 1d is in the range from 114 nm to 217 nm with an average value of 165 nm. Applying several cycles of short time potential step results in more uniform nanoparticles. The size variation of the particles in Fig. 1d  (standard deviation 30 nm) is smaller than that in Fig. 1c -and the deposition time were summarized in Table 1 . (standard deviation 68 nm). In order to get surface information about the electrodeposited Au nanoparticles on ITO film coated glass electrodes, cyclic voltammetric profiles (Fig. 2) of each electrode under various formation conditions were next recorded in 0.05 M H2SO4 in the potential range from 0 V to 1.5 V (vs. SCE) with the scan rate of 100 mV s -1 . The real surface area of the Au nanoparticles loading on ITO film coated glass electrode can be estimated basing on the amount of charge consumed during the reduction of the Au surface oxide monolayer and a reported value of 400 µC cm -2 was used for the calculation.
29,30
The results are presented in Table 1 .
Electrochemical response of As(III) on gold nanoparticle modified electrodes
Cyclic voltammetry was employed first to examine the electroanalytical performance of gold nanoparticle modified electrodes. Figure 3 illustrates typical cyclic voltammetric responses in the range from -0.6 V to +0.4 V (vs. SCE, 100 mV s -1 ) of a gold nanoparticle modified electrode (stepped from 1.055 V to -0.045 V for 300 s from 0.5 M H2SO4 containing 0.1 mM AuCl4 -) in 1 M HCl. It can be seen that no redox processes were registered in the potential range studied in the blank solution (dashed line). With the addition of As(III), new reduction wave emerges at -0.35 V (vs. SCE) upon the addition of 1 µM As(III) and can be attributed to the three electron reduction of As(III) to As(0). On the reversal anodic scan, an oxidation wave at +0.25 V (vs. SCE) was observed. This process is ascribed to the subsequent re-oxidation of As(0) to the parent As(III) species. Both waves were found to increase linearly with further additions of As(III).
The plots of current densities vs. concentration of As(III) on different gold nanoparticle modified ITO electrode were present in Fig. 4 and the sensitivities are also summarized in Table 1 . The plots of a gold macro electrode were also included as comparison. Increasing the Au deposited on ITO film coated glass by prolonging the deposition time leads to an increase of sensitivity. Increasing the concentration of AuCl4 -from 0.01 mM to 0.1 mM causes the increase of sensitivity, from 33.4 to 58.8 A cm -2 M -1 . However, further increase of the concentration to 1.0 mM results in a decrease of sensitivity to 53.2 A cm -2 M -1 . Although the total surface area of gold nanoparticles is increased, the signal of As(III) on the electrode is not increased significantly compared to the area increasing. When the total deposition time is the same, the sensitivities are nearly the same as well no matter applying one long potential step (60.7 A cm -2 M -1 ) or several cycles of potential step (58.5 A cm -2 M -1 ). All the sensitivities for the gold nanoparticle modified electrodes are better than that for a gold macro electrode (5.9 A cm -2 M -1 ). With the highest sensitivity, 0.1 mM AuCl4 -with 300 s deposition time were selected as the preparation conditions for the gold nanoparticle modified electrodes used in the following experiments.
Different reverse potentials were examined with CV in 1 M HCl containing 10 µM As(III). The resulting voltammograms were shown in Fig. 5 . The start potential was kept at +0.4 V 569 ANALYTICAL SCIENCES APRIL 2006, VOL. 22 (vs. SCE), while the reverse potential was -0.1 V, -0.2 V, -0.3 V, -0.4 V, -0.5 V, -0.6 V (vs. SCE), respectively. The more negative reverse potential used, the higher the peak current was observed. It can be seen that more negative potential can be used on gold nanoparticle modified ITO electrode, while the most negative potential used on normal gold electrodes is -0.3 V (vs. SCE).
Linear sweep voltammetry was employed next for the determination of As(III). The deposition potential was -0.6 V with 60 s deposition time. 1 M HCl, H2SO4 and HNO3 were compared as the supporting electrolytes. In 1 M HCl and H2SO4, there is another peak appearing at ca. +0.1 V which owns to oxygen. In 1 M HNO3, the effect of oxygen is minimized. Longer deposition time (120, 180, and 300 s) were also used. But the deposition of oxygen increased significantly with the increase of deposition time. LOD (S/N = 3) 31 was calculated to be 5 ± 0.2 ppb with deposition at -0.6 V for 60 s in 1 M HNO3. Since the World Health Organization's guideline value of arsenic in drinking water is 10 ppb, this method may have practical utility.
Conclusion
Gold nanoparticle modified ITO film coated glass electrode has been fabricated for the first time via direct electrodeposition from 0.5 M H2SO4 containing 0.1 mM AuCl4 -. The resulting electrode surfaces were characterized using AFM.
The application of the gold nanoparticle modified ITO electrode to the determination of As(III) was investigated. After optimization, LOD (S/N = 3) was 5 ± 0.2 ppb with deposition at -0.6 V for 60 s in 1 M HNO3. The electrodes are easily fabricated with low cost and they are stable for several days after the preparation. It is possible to use them as disposable electrodes for in field analysis. In particular we note that gold nanoparticles provide a very sensitive substrate for the detection of arsenic when deposited on glassy carbon. 16 However whilst the latter is excellent for laboratory based work, we believe that ITO offers potential benefits in the context of disposable sensors such as might be required in field analysis where cost is a significant factor.
